With the increasing impact of the global warming, occurrences of cyanobacterial blooms in 32 aquatic ecosystems are becoming a main ecological concern around the world. Due to their 33 capacity to produce potential toxic metabolites, interactions between the 34 cyanobacteria/cyanotoxin complex and the other freshwater organisms have been widely 35 studied in the past years. Non-targeted metabolomic analyses have the powerful capacity to 36 study a high number of metabolites at the same time and thus to understand in depth the 37 molecular interactions between various organisms in different environmental scenario and 38 notably during cyanobacterial blooms. In this way during summer 2015, liver metabolomes of 39 two fish species, sampled in peri-urban lakes of the Île-de-France region containing or not 40 high concentrations of cyanobacteria, were studied. The results suggest that similar 41 metabolome changes occur in both fish species exposed to cyanobacterial blooms compared 42 to them not exposed. Metabolites implicated in protein synthesis, protection against ROS, 43 steroid metabolism, cell signaling, energy storage and membrane integrity/stability have shown the 44 most contrasted changes. Furthermore, it seems that metabolomic studies will provide new 45 information and research perspectives in various ecological fields and notably concerning 46 cyanobacteria/fish interactions but also a promising tool for environmental monitoring of water 47 pollutions. 48 49 50 51 52 53 54 55 56 3 57
occurrence of a cellular oxidative stress via the formation of reactive oxygen species (ROS), with 85 different physiological responses and consequences depending on the organism and the species studied 86 (Amado and Monserrat, 2010; Malbrouck and Kestemont, 2006) . The effects of freshwater 87 cyanobacteria and their respective cyanotoxins, notably the MCs, have been widely studied on the 88 ichtyofauna, constituting one of the most potentially relevant indicators of environmental disturbances 89 (Bols et al., 2001; Malbrouck & Kestemont, 2006) . However, the actual knowledge dealing with 90 cyanobacteria impairs to natural population fishes is mainly based on experimental data reporting, 91 generally after short-term exposures using high concentrations of purified toxins, or the mechanisms 92 involved in the accumulation-detoxification dynamics of MCs. To our opinion, there is still a lack in 93 the deep understanding, particularly on the ichtyofauna, of the real ecotoxicological effects of natural 94 cyanobacterial biomasses, producing at the same time a "cocktail" of potentially bioactive compounds. 95
To an ecological point of view, the metabolome of an organism is the set of primary metabolites 96 synthesized at a given time and thus represents its metabolic chemical picture, which can potentially 97 be altered when the ecological and environmental stress conditions change (Bundy et al., 2008; Fiehn, 98 2002) . Study of the metabolome regulations represents the final endpoint of the phenotypic response 99 of an organism that allows it to counter-act the potential negative effects of stressors present in 100 ecosystems, and thus to adapt to the variable conditions. In this way, as changes at the metabolome 101 scale are directly influenced by transcriptome and proteome changes, metabolomic studies have 102 become a relevant approach to describe and analyze an integrated response of an organism under 103 specific environmental context and scenario (Bundy et al., 2008; Franzosa et al., 2015; Hultman et al., 104 2015; McLean, 2013) . The changes in the primary metabolite concentrations help to provide valuable 105 and useful information concerning the physiological processes involved in the homeostatic responses 106 of the organisms encountering environmental stresses from potentially multiple origins. Nuclear 107 magnetic resonance (NMR)-based metabolomics has been proved to be a powerful approach to 108 address hypotheses relating to fish physiology and development or pollutant induced toxicity or 109 diseases (Samuelsson & Larsson, 2008; Sardans et al., 2011; Viant, 2008) . However, despite its high 110 potential to better understand the molecular mechanisms implicated in the ecotoxicological responses 111 of organisms, the investigation of new qualitative and quantitative biomarkers showing the 112 interactions between biocenoses and their biotopes in various ecological context remains still rare 113 (Bundy et al., 2008; Samuelsson and Larsson, 2008; Sardans et al., 2011; Viant, 2008) . 114
Thus, as toxic cyanobacterial blooms may represent important ecotoxicological and ecological 115 constraints in freshwater environments, it can be supposed that organisms exposed to cyanobacterial 116 blooms exhibit characteristic metabolome signatures, compared to others non-exposed to 117 cyanobacterial dominant conditions, as their metabolism may respond and counter-act the potential 118 negative effects of the cyanobacteria and their cyanotoxins and thus adapt to the local environmental 119 pressures. To date and to our knowledge, no studies have been carried out using a metabolomic 120 approach in order to assess the specific metabolic changes that could be observed in fish exposed to 121 cyanobacterial blooms in contrasted aquatic ecosystems. In this way, during the summer 2015, 122 individuals of two representative fish species of freshwater lakes from the European temperate 123 regions, the perch (Perca fluviatilis) and the pumpkinseed sunfish (Lepomis gibbosus), have been 124 sampled in eight peri-urban lakes of the Île-de-France region contrasted by their phytoplanktonic 125 community composition ("presence" or "absence" of cyanobacterial blooms). 1 H-NMR metabolomic 126 analyses were performed on the fish liver in order to investigate the global metabolome responses of 127 the two fish species exposed to distinct ecological scenario and to further identify the metabolic 128 signatures related to these potential specific phenotypic responses. 129 lakes, dissolved oxygen (O 2 ) concentrations, pH, temperatures and conductivity were measured in the 139 water column using a multiparameter probe (YSI EXO2). 140 141
Phytoplankton sampling 142
In every lake, sub-surface chlorophyll-a equivalent concentrations attributed to the four-main 143 phytoplankton groups (Chlorophyta, Diatoms, Cyanobacteria, Cryptophyta) were measured with an in-144 situ fluorometer (Fluoroprobe II, Bbe-Moldenke, Germany) and samples of water were filtered 145 through 1.2 μm GF/C filters (Nucleopore, Whatman) and stored at -80°C until total chlorophyll-a 146 concentrations analyses using the ethanolic extraction as described by Yepremian et al. (2017) . 147
Samples of water were fixed in Lugol iodine solution and kept at 4°C until the identification. The 148 estimation (%) of the abundance of the different cyanobacterial genera was performed using an 149
Utermohl's counting chamber and an inverted microscope as described by Catherine et al. (2016) . In 150 parallel, phytoplankton biomass was collected using an Apstein's type phytoplankton net (20-µm 151 mesh size) and kept at -80°C until metabolite characterization by mass spectrometry (MS) and MCs 152 content analyses. 153
154

Metabolite characterization of phytoplanktonic biomasses by mass spectrometry 155
The biomasses from the sampled lakes were freeze-dried and then sonicated in 80% methanol, 156 centrifuged at 4°C (4,000 g; 10 min). The supernatant was transferred and acidified with formic acid 157 and 5 µL were analyzed on an HPLC (Ultimate 3000, ThermoFisher Scientific) coupled to an 158 electrospray ionization and quadrupole time-of-flight hybrid mass spectrometer (ESI-QqTOF, QStar® 159
Pulsar i, Applied Biosystems®, France). 160
High-performance liquid chromatography (HPLC) of 5 µL of each of the metabolite extracts was 161 performed on a C 18 column (Discovery Bio wide pore, 15cm * 1mm, 5 µm, Sigma) at a 50 µL.min -1 162 flow rate with a gradient of acetonitrile in 0.1% formic acid (10 to 80% for 60 min). The metabolite 163 contents were then analyzed on positive mode using information dependent acquisition (IDA), which 164 allows switching between mass spectrometry (MS) and tandem mass spectrometry (MS/MS) 165 experiments, as previously described (Marie et al., 2012) . The data was acquired and analyzed with the 166 Analyst QS software (Version 1.1). Peak lists were generated from MS spectra acquired between 10 167 and 55 min, filtering noise threshold at 2% maximal intensity and combining various charge states and 168 related isotopic forms. Metabolite annotation was attempted according to the accurate mass of the 169 molecules, then to their respective MS/MS fragmentation pattern with regard to an in-house database 170 of more than 800 cyanobacterial metabolites. 171 172
Cyanotoxins quantification 173
For MCs extraction, phytoplankton biomasses (50 mg dry weight) of each lake were placed in a glass 174 tubes, extracted with 5 mL of 75% methanol and sonicated for 5 min in an ultrasonic bath. This step 175 was performed twice. The crude extracts were centrifuged at 20,000 rpm for 15 min at 4°C. The 176 supernatants were then collected with a Pasteur pipet and kept at -80°C until MCs analysis by ELISA, 177 done using the microcystins (Adda-specific) Kit (Abraxis LLC) recommendations. Prior to analysis, 178 samples were dissolved with the ELISA sample diluent to reach a methanol concentration below 5% 179 to avoid any interactive effect and to stay in the detection range of the kit (0.1-5 µg.L -1 ) for all 180 samples. The results were expressed in MC-LR equivalents (µg eq. MC-LR .mg -1 dry weight). 181
We also attempt to measure free and bound BMAA in the phytoplankton biomass according to the 182 HILIC/MS-MS based methods described previously (Combes et al., 2014; Faassen et al., 2016) . This 183 method used solid-phase extraction based on mixed mode sorbent to concentrate and clean up 184 the phytoplankton extract that contained free BMAA. After the acidic lysis of the phytoplankton 185 biomasses, the bound fraction of BMAA was analyzed by LC/MS-MS. This quantitative method 186 has proved to be specific and reliable in a range of concentration level from 0.25 to 1.6 ng mg -187 1 dry weight. representative fish species of European freshwater lakes, were targeted by electric fishing (FEG 8000, 192 EFKO, Leutkirch, Germany) performed in the riparian area of every lake. Alive fish caught were 193 directly measured, weighed (Table S2) , euthanized and then liver of each individual was shortly 194 sampled, deep-frozen in liquid nitrogen and kept at -80°C until metabolomics analyses. 195
Liver metabolome extraction was carried out using the methanol/chloroform/water (ratio 2/2/1.8) 196 method, on the basis of existing literature (Lin et al., 2007; Wu et al., 2008) . Briefly, fresh frozen 197 livers were weighed, homogenized in ice-cold methanol (8 mL per gram of tissue; AnalaR Normapur, 198 min. 99.8 %, VWR, Pennsylvania, USA) and ice cold milliQ water (2.5 mL.g -1 ), and then vortexed for 199 1 min. Subsequently, ice cold chloroform (4 mL.g -1 ; Normapur, 99.3 %, VWR, Pennsylvania, USA) 200 and milliQ water (4 mL.g -1 ) were added to extract the hydrophobic metabolites. Then, the mixture was 201 vortexed for 1 min and incubated on ice for 10 min to obtain a complete solvent partition. The 202 resulting supernatant was then centrifuged at 4°C for 10 min at 2,000 g, resulting in a biphasic All NMR data were recorded at 298 K on a 600 MHz Bruker AVANCE III HD spectrometer equipped 213 with a 5-mm TCI CryoProbe ( 1 H-13 C-15 N) with Z-gradient. One-dimensional 1 H-NMR spectra were 214 acquired using a standard Bruker noesygppr1d pulse sequence to suppress water resonance. Each 215 spectrum consisted of 256 scans of 32768 data points with a spectral width of 7.2 kHz, a relaxation 216 delay of 2.5 s and an acquisition time of 2.3 s. 217
218
BATMAN metabolite quantification 219
The relative metabolite quantification was performed using the BATMAN (an acronym for Bayesian 220 AuTomated Metabolite Analyser for NMR spectra) R-package (Hao et al., 2014) , which deconvolutes 221 peaks from 1-dimensional 1 H-NMR spectra to automatically assign chemical shifts to specific 222 metabolites from a target list and then estimate their respective concentrations. This can be achieved 223 thanks to an implementation of a Bayesian-based modelling procedure. BATMAN uses, in a two-224 component joint model, resonances of every assigned proton from a list of catalogued metabolites and 225 noisy information to finally reconstruct the empirical NMR spectrum. But, in absence of confirmatory 226 analytical methods, we prefer to state them as candidate metabolic biomarkers sharing the same 1 H-227 NMR parameters with the catalogued metabolites. Therefore, 222 metabolites were quantified from 228
Bruker spectra files using the following parameters: i) the chemical shift regions belonging to the two 229 following regions: 0.5 to 4.60 ppm and 5.40 to 10.0 ppm, ii) 400 burn-in iterations, iii) 200 post-burn-230 in iterations and iv) 5000 iterations for batman rerun. Calculations were performed on a HP Z820 231 workstation using two 3.30 GHz Intel Xeon © CPU E5 processors and 64 Go RAM by activating 12-232 parallel threads processing. 233 234
Statistical exploration of data 235
The mixOmics library was used to carry out the multivariate analyses. Regularized canonical 236 correlation analysis (rCCA) is a multivariate statistical method used to assess correlations between two 237 multivariate datasets acquired on the same individuals. Here, it was used as a factorial discriminant 238 analysis that modeled the relationships between, the species (Perca and Lepomis), the chemical data 239 measured in the different lakes (total Chl-a concentrations, Chl-a estimated concentrations related to 240 cyanobacterial biomasses (BBE), MCs concentrations, O2 concentrations, pH and Conductivity), and 241 the semi-quantitative levels of metabolites determined by the BATMAN algorithm. The rcc() function 242 was used to define the canonical correlations and the canonical variates; the network() function was 243 used to produce the network of interactions. Cross-validation of MANOVA results was obtained 244 thanks to a bootstrap-based procedure by applying a random assignment of any statistical individual to 245 a given group of treatments. In order to evaluate the effects of the experimental factors (species, 246 chemical data and their interaction) on the relative concentrations of metabolites highlighted by 247 multivariate analyses and the subsequent relevant networks, simple two-way ANOVAs followed by a 248
Student-Newman-Keuls post-hoc test were performed. 249
Results
251
Phytoplankton, microcystins and chemical conditions of the studied lakes 252
During 2015 summer samplings, distinct phytoplanktonic compositions and concentrations were 253 observed in the eight lakes targeted (Fig. S1 ). Among them, F, T, V and VS, exhibited remarkable 254 high and/or dominance of cyanobacterial-specific chlorophyll-a concentrations reaching 106, 14.8, 255 135 and 48.3 µg eq. Chl a L -1 , respectively (Fig. 1A) . In the other lakes, chlorophyll-a concentrations 256 of the total phytoplanktonic community ranged between 7.2 and 241.5 µg. Chl a L -1 (Table S1 ) but 257 were mainly dominated by Chlorophyta, diatoms and/or cryptophytes ( Fig. S1 ), major phytoplanktonic 258 phyla, that are so far not known to produce any toxins. In these lakes, only low concentrations of 259 cyanobacterial-specific chlorophyll-a, ranging from 2.9 to 10.9 µg eq. Chl a L -1 , were measured ( Fig.  260 1A). Furthermore, in the cyanobacteria-dominated lakes, different cyanobacterial genera were 261 observed during samplings ( Fig. 1B ). F and T were dominated by Planktothrix (94% of the 262 cyanobacteria present in the sample) and Pseudanabaena (71%), respectively, whereas V and VS, 263 were both dominated by Microcystis ( Fig 1B) . 264 MC-LR equivalent concentrations were measured at various concentrations ranging from above the 265 quantification limit (> 1 µg.g -1 DW) to 3367 µg.g -1 DW eq. MC-LR ( Fig 1A, Table S3 ). The highest 266
MCs concentrations were found in lakes dominated by cyanobacteria and particularly in F, V and VS 267 where 2067.3 µg.g -1 , 166.1 µg.g -1 and 3367 µg.g -1 MC-LR eq. were measured, respectively ( Fig 1A, 268 Table S3 ). Interestingly, V that exhibited the highest cyanobacterial concentrations (dominated by 269 Microcystis) measured in our study, did not exhibit the highest MCs concentrations (3367 µg.g -1 MC-270 LR eq. in VS) illustrating the fact that MCs concentrations are not only linked to the cyanobacterial 271 biomass measured in the lakes (Fig. 1A , Table S3 ). However, none of these samples presented 272 detectable amount of the potential neurotoxin BMAA (neither in free or bound form). Nevertheless, 273 various classes of cyanobacterial secondary metabolites together with different variants of 274 microcystins, anabaenopeptins, aeruginosins, microginins and cyanopeptolins were detected in the 275 dried biomasses of lakes where cyanobacteria reached high concentrations (Table S4) . whatever the lake considered ( fig. 2A ). On the dimension 2, a clear cyanobacterial concentration effect 296 is observable (F = 1931, p < 10 -16 ), with fish coming from cyanobacterial dominated lakes (in green) 297 clearly separated by this dimension whatever the fish species considered ( Fig. 2A ). In addition, O 2 298 concentrations (F = 599, p < 10 -16 ), pH (F = 867, p < 10 -16 ) and conductivity (F = 419, p < 10 -16 ) 299 contribute significantly to the different metabotypes observed on this dimension but to a much lesser 300 extent compared to cyanobacterial concentrations ( Fig. 2A) . Finally, no significant interactive effects 301 between species and the environmental factors have been observed in our analysis suggesting that a 302 similar response of the two species to the different environmental factors occurs. 303
The relevance network based on the second rCCA dimension specifically highlights metabolites, 304 above a |correlation| threshold of 0.3, discriminating the fish exposed or not to the cyanobacteria and 305 linked to the environmental factors responsible for the discrimination (mainly BBEcya concentrations 306 but also pH) (Fig. 2B ). It appears that all these metabolites shown by this network exhibit negative 307 correlation with both cyanobacterial concentrations and pH values. In addition, two-way ANOVAs 308
were performed on all putative metabolites highlighted in the figure 2B (Table 1) . A significant effect 309 of the BBEcya and pH is shown for 16a-hydroxyestrone, acetylcholine, androsterone, 310 glycerophosphocholine, isovalerylcarnitine, L-glutamine and L-palmitoylcarnitine whereas for 311 glycerol, homo-L-arginine and L-arginine, a significant effect of the BBEcya concentrations, only, 312 have been confirmed by two-way ANOVA analyses (Table 1 ). Furthermore, no interaction effect 313 between the species and the BBEcya concentrations or pH has been observed for any metabolites 314 suggesting similar metabolic responses, based on the metabolites highlighted by our relevance 315 network, for these two species and for these two discriminating environmental factors. Negative VS lakes with cyanobacterial-specific chl-a (BBEcya) concentrations reaching 135 and 48.3 µg eq. 331 chl-a L -1 , respectively, whereas in C the BBEcya concentration did not exceed 11 µg eq. chl-a L -1 and 332
Microcystis cells were co-dominant with Chlorophyta. In F, Planktothrix genera was found to be 333 dominant with BBEcya concentration reaching 106 µg eq. chl-a L -1 . Interestingly, in T lake, 334
Pseudanabaena and Anabaena genera were present at low BBEcya concentrations (around 15 µg eq. 335 chl-a L -1 ) compared to those measured in the other cyanobacteria dominated lakes (F, V, VS). 336
However, even though cyanobacterial amount in T was not as high as in cyanobacterial-dominated 337 The potential ecological consequences of the production of this chemical diversity of metabolites by 362 cyanobacteria remain largely uncovered, as some of these components are so far described to display 363 molecular bioactivity as inhibitory effects on different proteases (Agha and Quesada, 2014) . In this 364 way, it seems particularly crucial to consider the potential threatening of the ecosystems for all 365 cyanobacterial blooms, even those which don't produce necessarily MCs. In order to better apprehend 366 the severity of their potential biological effects, the monitoring by MS/MS technologies of 367 phytoplankton biomasses will help to discover new secondary metabolites and variants of known 368 cyanotoxins. This could help, in combination with metabolomics studies on other biological 369 compartments (e.g. on zooplankton or fish organisms), to better disentangle the specific and/or 370 synergic metabolic effects of those main metabolite types and thus to bring new understanding of their 371 chemical diversity and respective biological activities. 372
In addition to the production of toxic secondary metabolites, changes in physico-chemical parameters 373 of the water-bodies have also been reported during cyanobacterial bloom episodes. Massive decrease 374 of dissolved O 2 concentrations may occur during important bloom senescence events, due to the 375 bacterial degradation of cyanobacterial cell biomass, inducing sometimes spectacular massive death of 376 various fish species, also described as fish-kill phenomenon (Paerl and Paul, 2011) . During our study, 377 no noticeable depletion of the dissolved O 2 concentrations of neither surface nor bottom water or any 378 fish-kill have been observed, indicating that the high cyanobacterial biomasses (observed in V, VS, T 379 and F) were not in senescence. Furthermore, O 2 concentrations does not appear to significantly drive 380 the liver metabolic differences observed in the fish species studied, suggesting that no metabolic 381 disturbances linked to O 2 concentration variation were observed here. Among the environmental 382 factors measured on the studied lakes that are noticeably correlated with metabolic differences in fish 383 livers based on rCCA analyses, the pH exhibits wide variations between sampled aquatic ecosystems. 384
Indeed, it appears that lakes dominated by cyanobacteria show higher pH values (above 9), excepted in 385
Grand Fontenay (F) lake where the value is similar (between 7.1 and 8.3) to those found in lakes 386 where cyanobacteria are in minority. Such increase in water pH is an already reported phenomenon 387 directly related with cyanobacteria photosynthesis process that removes carbon dioxide from the water 388 and increases hydroxide ion concentration (Lopez-Archilla et al., 2004) . In our study, it is not possible 389 to conclude whether the elevated pH observed in cyanobacterial dominated lakes is a consequence of 390 the photosynthetic activity of cyanobacteria or is due to local geochemical conditions of the respective 391 lake. To better characterize the causality of these elevated pH in further investigation, it should be 392 suitable to monitor pH value before, during and at the end of the bloom. 393 394
Metabolic changes in response to perturbed lakes: cyanobacterial concentrations and pH as 395 environmental drivers of fish liver metabolome 396
Thanks to NMR and multivariate analyses, our results show that similar metabolic changes are 397 observable in both fish species exposed to high cyanobacterial biomasses (F, VS, T and V lakes). 398
Interestingly, T lake was not characterized by the highest concentration of cyanobacteria observed 399 during our study. However, due to the presence of other pollutants already monitored in past studies in 400 this pound, our observation suggests that additive and/or synergistic effects of multi-pollutants 401 together with cyanobacterial bloom seem to be involved in similar metabolic variations than those of 402 fish from pounds which are the most stressed by cyanobacterial blooms. Nevertheless, as our study 403 was not directly focused on the measurement of the other pollutants present in T lake, further 404 metabolomics studies taking into account the complexity of all those contaminants present together in 405 these ecosystems could provide an even more conclusive observation. However, in our analyses the 406 most constraining factors related to the metabolic changes in fish were the cyanobacterial 407 concentrations and the pH values that exhibit the strongest correlations with the changes of relative 408 concentrations of various metabolites in the two fish species sampled. In this study, it is also very 409 likely that the combination of both high pH values and high cyanobacterial biomasses could lead to the 410 more contrasted metabolome changes in fish. This would be in agreement with the fact that fish from 411 F lake, presenting high cyanobacterial and MCs concentrations but moderate pH value around 7.5, 412 exhibit intermediate metabolomes compared to fish captured in T, V and VS (high cyanobacterial and 413
MCs concentrations and high pH) and fish captured in other lakes (C, CM, M, R), not dominated by 414
cyanobacteria. 415
Interestingly, MCs concentrations do not seem to be directly correlated with the observed metabolome 416 variations in fish. Our results indicate that MCs may not be in this case the most constraining factor 417 for fish from those natural ecosystems. However, it is also possible that the metabolome differences, 418 correlated to the presence of cyanobacterial cells, could be more generally influenced by the presence 419 of the different bioactive, if not toxic, metabolites present in the various cyanobacterial cells. In 420 addition, as fish sampled in our study were juvenile's carnivorous species that may mainly feed on 421 zooplankton organisms, as Cladocera or copepods, they may not be exposed by direct ingestion of 422 cyanobacterial cells, avoiding most of the cyanotoxins that remain mainly intracellular during the 423 bloom (Chorus and Bartram, 1999) . Nevertheless, they could have been exposed to some amount of 424 the cyanotoxins through those that are extracellularly released in the water or that are contaminating 425 zooplankton organisms feeding directly on cyanobacteria via the trophic transfer (Sotton et al., 2014) . 426
As it is known that cyanotoxins, such as MCs, are biodiluted along the trophic network (Kozlowsky-427 Suzuki et al., 2012), it is possible that zooplankton organisms act as ecological filters leading to a 428 decrease in cyanotoxins concentrations before their contact with carnivorous fish. It would be 429 interesting to consider now other fish species feeding on phytoplankton in order to test whether they 430 are indeed exposed to higher cyanotoxin contents, by direct ingestion of cyanobacterial cells, and 431 whether they exhibit similar or even more drastic metabolome alterations than carnivorous ones. 432 433
Perturbations of metabolic pathways in fish: are they stressed? 434
Metabolomics studies represent a promising step to monitor and potentially early detect environmental 435 stress such as contamination occurring in ecosystems. The specificity of the metabolic signatures 436 could be attempted to be related to every pollutant and would also improve our understanding of their 437 specific physiological effects on fish. 438
Our results show that common metabolic variations are observed in the two fish species sampled from 439 the cyanobacterial dominated lakes. It appears that all the metabolites highlighted by our relevance 440 network exhibit negative correlations with cyanobacterial content and pH value factors suggesting that 441 lower relative concentrations of these metabolites in both fish species would be found in response to 442 an increase of cyanobacterial content or water pH values. Relative concentrations of metabolites 443 involved in protein and amino acids syntheses, such as homo-L-arginine and L-arginine, were 444 decreased in fish sampled in the cyanobacterial-dominated lakes. Arginine is an essential amino acid 445 implicated in many metabolic functions such as protein, creatine and urea syntheses, the glutamate 446 metabolism and the excretion of insulin and glucagon (Chen et al., 2016) . Arginine is then known to 447 increase growth performance in fish, reinforce immune functions and reduce the environmental stress. 448
Thus, a decrease in arginine in fish sampled in the cyanobacterial-dominated lakes could be relied to 449 an up-regulation of the protein synthesis, as it has been previously shown that protein synthesis 450 processes are observed in fish exposed to cyanobacteria or cyanotoxins (Qin et al., 2016; Sotton et al., 451 2017) . Thus, the de novo synthesis of detoxification proteins, or the increase of the amino acid 452 catabolism in relation to energy production demand is supposed to undergo the toxic effects of 453 cyanobacteria or other pollutants. Furthermore, these two metabolites could be good candidates as 454 specific biomarkers of a long-term cyanobacterial exposure, as the ANOVA analysis reveals only a 455 significant effect of cyanobacterial biomasses on their concentrations whereas for the other 456 metabolites both cyanobacterial biomasses and pH value had a significant effect on them. 457
Interestingly, relative concentrations of L-glutamine, a metabolite implicated in alanine/aspartate, 458 amino sugar, D-glutamine/glutamate, nitrogen and purine metabolisms, show also significant lower 459 values in fish sampled in the cyanobacterial-dominated lakes. Glutamine is an important precursor of 460 arginine that is known to repair lipid peroxidation damages due to ROS activity and increase the 461 activity of antioxidant enzymes, at least in humans (Saad, 2012) . Furthermore, glutamine is also a 462 precursor of glutathione (GSH) that is implicated in antioxidant reaction and the repair of proteins, and 463 lipid following a ROS production increase. This variation of L-glutamine could be due in part to its 464 transformation in arginine and/or glutathione in order to counteract the ROS over-production, a 465 potential consequence of cyanobacterial metabolites effects. 466
Relative concentrations of L-palmitoylcarnitine and isovalerylcarnitine were also decreased in fish 467 sampled in cyanobacterial-dominated lakes. These two acylcarnitine metabolites are implicated in cell 468 signaling, fuel and energy storage, fatty acids and lipid metabolisms and in the cell membrane 469 integrity and stability (Reuter and Evans, 2012) . Acylcarnitine metabolites are mainly implicated in 470 the mitochondrial β-oxidation of fatty acids in order to produce the acetyl-CoA, entering the Kreb's 471 cycle, together with NADH and FADH 2 , whose high potential electrons feed the mitochondrial 472 respiratory chain. Disruption of the mitochondrial electron transport chain following an exposure to 473
MCs has already been reported (Zhao et al., 2008) . However, the underlying mechanisms of this 474 dysregulation are still unclear. We can here speculate that acylcarnitine metabolites could be related 475 with the mitochondrial function dysregulations potentially induced by cyanotoxins, such as MCs. 476
Glycerophosphocholine (GPC) variations are also observed in fish from cyanobacterial-dominated 477 lakes. This molecule is a precursor of the phosphatidylcholine that is the major structural phospholipid 478 of cellular membranes. In gills of fish exposed to mercury, the decrease of GPC has been relied to the 479 membrane stabilization/repair processes in order to prevent lipid peroxidation damages (Cappello et 480 al., 2016) . It is well known that cyanotoxins, and notably MCs, induce lipid peroxidation damages in 481 cell (Ferrão-Filho and Kozlowsky-Suzuki, 2011). Additionally, high values of water pH could be also 482 implicated in the denaturation of cellular membrane (Zahangir et al., 2015) . Our observation suggests 483 that these GPC low contents could be related to cellular repair processes in order to counteract 484 membrane damages due to the lipid peroxidation potentially induced by cyanobacterial metabolites 485 and/or high pH values. Interestingly, as glycerol is implicated in glycerophospholipid metabolism, its 486 low concentration in fish exposed to cyanobacterial-dominated lakes, could reflect its consumption in 487 order to produce new membrane glycerophospholipids required for the repair of the lipid peroxidation 488 damages to membranes. endocrine disturbance could occur in field where fish are exposed to even longer period of 497 cyanobacteria and cyanotoxins occurrence. 498
Finally, relative concentrations of the acetylcholine, a neurotransmitter, were present to a lesser 499 amount in fish from cyanobacterial-dominated lakes, being in potential link with neurotoxic effects of 500 cyanobacterial blooms. MCs have already been shown to induce a decrease of acetylcholine 501 concentrations in zebrafish embryo leading to neurodevelopmental disturbances (Wu et al., 2016) . The 502 effects of this neurotransmitter dysregulation could indeed be particularly critical in juvenile fish, as 503 they are still in development. Furthermore, it is possible that other cyanobacterial secondary 504 metabolites could dysregulate neuronal systems, as it has already been shown that some cyanobacteria 505 are able to produce specific compounds with neurotoxic effects (Aráoz et al., 2010) . In this way, it 506 seems particularly important in field studies to perform LC-MS/MS analyses of cyanobacterial bloom 507 biomasses in order to better characterize the diversity of cyanobacterial compounds potentially 508 impacting the biology of aquatic organisms. 509 510
Conclusions and horizons 511
Our study demonstrates that cyanobacterial blooms can induce locally metabolic variations in relation 512 to environmental stress response of fish. Such metabolomic analyses support already known results 513 but give also new perspectives for the characterization of the cyanobacteria-fish interactions. In this 514 way, it could be interesting to do further studies, thanks to longitudinal samplings, on the changes of 515 fish metabolomes during bloom episodes, which could help us to better understand and characterize 516 the main disturbing environmental factors during these anthropo/ecological phenomenons. Also other 517 species feeding on phytoplankton organisms should be sampled in order to highlight whether higher 518 metabolome changes could be observable due to the fact that they directly feed on cyanobacterial cells 519 and thus are in direct contact with high concentrations of various potentially toxic secondary 520 metabolites. Although NMR approach represents a useful tool to classify, monitor and potentially 521 detect early disturbances related to cyanobacteria and more generally to environmental stresses 522 occurring in ecosystems, the parallel investigation by LC-MS/MS could be particularly useful in order 523 to give an even better strength of the analyses. Indeed, it could gain at confirming the molecular 524 identification and quantification and bring additional information especially concerning the different 525 metabolites present only in limited amounts. Furthermore, complementary Omics analyses as the study 526 of the proteome and the transcriptome in addition to metabolome information will help us to better 527 characterize potential biomarkers of environmental stresses, and to depict the mechanism of the 528 physiological effects of environmental stressors on fish populations. Figure 1 : Cyanobacterial specific chlorophyll-a concentrations (µg.L -1 eq. Chl-a) and MCs concentrations (µg eq. MC-LR.g -1 DW) in the sampled lakes (A) and the cyanobacterial genus composition observed in the cyanobacteria-dominated lakes (B). ND = non-detected. Les Galets lake (C), La Sablière lake (CM), La Courance lake (M), Saint Cucufa lake (R), Grosse Pierre lake (V), Grand Marais lake (VS), Grand Fontenay lake (F) and Triel lake (T). 
